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Summary
Plant architecture is shaped through the continuous
formation of organs by meristems [1]. Class I KNOT-
TED1-like homeobox (KNOXI) genes are expressed in
the shoot apical meristem (SAM) and are required for
SAM maintenance [2–6]. KNOXI proteins and cytoki-
nin, a plant hormone intimately associated with the
regulation of cell division [7, 8], share overlapping
roles, such as meristem maintenance and repression
of senescence [2, 9–11], but their mechanistic and hi-
erarchical relationship have yet to be defined. Here,
we show that activation of three different KNOXI pro-
teins using an inducible system resulted in a rapid
increase in mRNA levels of the cytokinin biosynthesis
gene isopentenyl transferase 7 (AtIPT7) and in the
activation of ARR5, a cytokinin response factor. We fur-
ther demonstrate a rapid and dramatic increase in cyto-
kinin levels following activation of the KNOXI protein
SHOOT MERISTEMLESS (STM). Application of exoge-
nous cytokinin or expression of a cytokinin biosynthe-
sis gene through the STM promoter partially rescued
the stm mutant. We conclude that activation of cytoki-
nin biosynthesis mediates KNOXI function in meristem
maintenance. KNOXI proteins emerge as central regu-
lators of hormone levels in plant meristems.*Correspondence: ori@agri.huji.ac.ilResults and Discussion
Activation of a Cytokinin Biosynthesis Gene
by KNOXI
Previous studies implied an association between KNOXI
and cytokinin functions [11–14]. We hypothesized that
KNOXI activity may be mediated by the activation of cyto-
kinin biosynthesis. In 35S:STM-GR transgenic plants, the
nuclear translocation of an ectopically expressed STM-
glucocorticoid-receptor (GR) fusion protein is induced
by a GR binding hormone such as dexamethasone
(DEX). STM activation in 35S:STM-GR stm plants res-
cues the stm phenotype [15]. We examined the effect
of STM activation in 35S:STM-GR plants on the expres-
sion of Arabidopsis cytokinin biosynthesis genes [16–
18] by RT-PCR analysis. STM activation resulted in a
rapid, 3- to 8-fold elevation of AtIPT7 mRNA levels
within 2 hr of STM induction, in different experiments
(Figure 1A and Figure S1 in the Supplemental Data
available with this article online). AtIPT7 mRNA levels
further increased up to 30-fold or more of control levels
within 24 hr (Figure 1B, Figure S1). In contrast, AtIPT5
induction was not consistent in all experiments, and
other AtIPT genes did not respond to STM activation
(Figure 1C). Activation of two additional KNOXI pro-
teins, KNAT2 from Arabidopsis and KNOTTED1 (KN1)
from maize, using similar inducible systems [19, 20],
resulted in the induction of AtIPT7 mRNA within 4 hr
and 24 hr, respectively (Figure S2). These results sug-
gest that the cytokinin biosynthesis gene AtIPT7 is a
major target of KNOXI proteins. Activation of only a
subset of cytokinin biosynthesis genes by KNOXI pro-
teins suggests that cytokinin biosynthesis is controlled
by both KNOXI-dependent and KNOXI-independent
pathways, indicating the existence of a flexible and
strictly regulated network of cytokinin-dependent path-
ways. In fact, while both cytokinin and KNOXI proteins
are required for meristem maintenance, cytokinin is
also required in initiating leaves, while KNOXI gene ex-
pression is strictly downregulated in initiating Arabi-
dopsis leaves [2, 9]. When artificially introduced into
leaves, the KNOXI protein BP is capable of activating
AtIPT7 in leaves (not shown). The induction of only
AtIPT7 by STM ectopic activation may not fully reflect
authentic STM targets in the meristem, as target speci-
ficity may be defined by the presence of spatially and
temporally regulated partners. An examination of the ex-
pression patterns of KNOXI genes and AtIPT7 revealed
that their expression domains partially overlap [21].
STM Induces Cytokinin Accumulation
We tested the prediction that STM activation results in
elevated cytokinin levels by direct measurements. Cy-
tokinins are adenine derivatives, produced in plants by
isopentenyltransferases (IPTs) [22, 23]. Zeatin-type cy-
tokinins are formed from isopentenyladenine (iP)-type,
either by hydroxylation of isopentenyladenosine 5#
monophosphate (iPMP) [24] or through an alternative,
iPMP-independent pathway [25]. We observed that fol-
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1567lowing STM activation, levels of several cytokinins in-
creased within 6 hr and continued to increase after 24
hr (Table 1). The most dramatic increase was observed
for trans-zeatin riboside 5#monophosphate (tZMP) and
trans-zeatin riboside (tZR), consistent with the fact that
these compounds are primary products of Arabidopsis
isopentenyl transferases [17]. Isopentenyladenosine
(iPA) and its monophosphate (iPMP) were also signifi-
cantly increased, as were all trans-zeatin glucoside
conjugates, reflecting the ability of AtIPT7 to utilize both
dimethylallyldiphosphate and 4-hydroxy-3-methyl-2-(E)-
butenyldiphosphate as isoprenoid donors [16]. How-
ever, an effect of hydroxylases [16] as well as other cy-
tokinin metabolic enzymes on elevated tZMP and tZR
levels cannot be excluded. Concentrations of other cy-
tokinins, such as cis-zeatin riboside and isopentenyl
adenine 7- and 9-glucoside, remained unchanged. The
increase in ZMP was more dramatic than that of iPMP,
which could indicate that IPT7 is feeding into both ZMP
and iPMP, or that the conversion from iPMP to ZMP is
very rapid.
These results indicate that STM activity is sufficient
for the activation of cytokinin biosynthesis. This finding
is in agreement with recent observations that aerial tis-
sues both express AtIPT genes and can support cytoki-
nin biosynthesis [18, 21, 26]. The activation of cytokininFigure 1. AtIPT7 mRNA Is Induced by STM Activation
(A and B) Relative IPT7 mRNA levels, as quantified using quantita-
tive RT-PCR, presented as the ratio between IPT7 and TUB levels.
Each bar represents the average ± standard deviation of three bio-
logical repeats, except in 2 hr Ler + dex and 24 hr Ler + H2O, where
the average was calculated from two biological repeats (with the
individual values of 2.5 and 2.1 in 2 hr Ler + dex, and 1.8 and 2.7 in
24 hr Ler + H2O). Data in (A) and (B) are from separate experiments.
(C) Fold induction of mRNA levels of the different AtIPTs by 24 hr
of STM activation. Averages ± SD of ratios between mRNA levels
of DEX- and water-treated 35S:STM-GR seedlings were calculated
from three biological repeats. For IPT4, 6, and 8, no mRNA could
be detected in the seedlings, but their mRNA could be detected
when respective positive control tissues were used (not shown).
The standard deviation for IPT9 was 0.05.Ta
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1568biosynthesis by STM is in line with the expression of
the maize cytokinin primary response gene ABPHYL1
in a unique pattern in the meristem and with its involve-
ment in the control of phyllotaxy [27].
Activation of Cytokinin Responses by KNOXI
To determine whether KNOXI activation elicits cytokinin
response, we monitored its effect on transcript levels
of the primary cytokinin response gene ARR5 [28]. STM
activation resulted in a 2-fold increase in the mRNA
levels of ARR5 (Figure 2A) within 4 hr of induction.
KNAT2 activation induced ARR5 mRNA accumulation
within 24 hr (Figure S3). To examine the spatial effect
of KNOXI proteins on ARR5 expression, we used ARR5:
GFP and ARR5:GUS plants, expressing the reporters
green fluorescence protein (GFP) or β-glucuronidase
(GUS), respectively, through the ARR5 promoter. The
ARR5 promoter directed meristem- and stem-specific
s
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[Figure 2. Induction of ARR5 by STM Activation
(A) Relative ARR5 mRNA levels, quantified from RT-PCR blots and
presented as the ratio between ARR5 and TUB levels. Averages ±
SD were calculated from three biological repeats, except in 24 hr
Ler + H2O, where an average of two repeats with the individual
values of 0.25 and 0.32 is shown.
(B) Top: ARR5 promoter activity, monitored by GFP fluorescence in
ARR5:GFP/+ 35S:STM-GR/+ seedlings, treated with either a water
control or DEX for 12 hr. Bottom: ARR5 promoter activity in wild-
type Nossen (NO-O) or 35S:BP seedlings containing the ARR5:GUS
transgene, monitored by staining for GUS activity in fixed tissue.
Scale bars equal 2 mm (top) or 1 mm (bottom).
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wxpression in wild-type [29] or noninduced 35S:STM-
R seedlings (Figure 2B). STM activation resulted in
ncreased intensity of meristem expression, and ex-
ression directed by the ARR5 promoter increased and
xpanded into leaves in 35S:BP plants, which misex-
ress the Arabidopsis KNOXI gene BP through the 35S
romoter (Figure 2B). The spatial expansion could re-
ult from a quantitative rather than a qualitative effect.
ytokinin Can Partially Rescue the stm Phenotype
o test the role of cytokinin in authentic STM function,
e applied cytokinin to stm mutants. We reasoned that
f STM-mediated activation of cytokinin biosynthesis is
unctionally relevant, then application of cytokinin may
t least partially rescue stm. In stm mutants, the SAM
oes not form normally, the cotyledons are fused, and
o further organs are formed. Weak alleles such as
tm2 sometimes recover by the formation of leaves or
hoots from the fused cotyledon petioles [30–32]. With-
ut cytokinin, stm1 alleles rarely recover, and no recov-
ry of the putative null stm11 allele is observed (Figure
4) [15, 33]. Application of zeatin or 6-benzylaminopu-
ine (BA) resulted in the partial recovery of up to 71%
tm1 and 55.5% stm11 mutants, respectively, by the
mergence of an ectopic meristem from the fused coty-
edon petioles (Figures 3A–3D and Figure S4), similar to
aturally recovering stm2 mutants.
To test the specificity of the cytokinin effect on stm
utants, we applied additional plant growth factors to
tm1 and stm11 mutants. Application of gibberellic acid
GA3) or the auxin indole-3 acetic acid (IAA) had no ef-
ect on stm1 (not shown) or stm11 (Figure 3K) mutants.
owever, coapplication of IAA or GA with zeatin par-
ially repressed recovery (Figure 3K).
Suppression of the stm phenotype by cytokinin could
e mediated by cytokinin activation of other KNOXI
enes, such as BP. The percentage of recovered stm11
p seedlings following cytokinin application was iden-
ical to that of single stm11 mutants (not shown), ar-
uing against this possibility. However, the involvement
f KNAT2 and KNAT6 cannot be ruled out.
To test whether the cytokinin effect is specific to
tm, rather than a general effect on meristem function,
e examined the effect of cytokinin application on the
evere meristem double mutant cuc1 cuc2 [34]. The
henotype of this double mutant was not affected by
ytokinin application, suggesting a specific effect of
ytokinin downstream of STM (not shown). CUC1/
UC2 have been shown to be required redundantly for
TM expression [35]. However, similar to cytokinin ap-
lication, STM activation failed to rescue the meristem
bortion phenotype in cuc1 cuc2 35S:STM-GR plants
not shown), further establishing the intimate relation-
hip between the activities of STM and cytokinin.
xpression of IPT through the STM Promoter
uppresses the stm Phenotype
f the AtIPT7 gene is a major target of STM, can the
rocess be “short-circuited” by replacing the STM gene
ith its target, IPT? We expressed the Agrobacterium
umefaciens IPT gene through the STM promoter in
tm1 mutants, using the LhG4 trans-activation system
36]. When grown on MS plates without hormones,
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1569Figure 3. Cytokinin Can Partially Substitute for STM Function
(A–D) Recovery of stm11 mutants upon application of 7 M exoge-
nous zeatin. Genotypes and treatments are indicated.
(E–J) Rescue of the stm1 phenotype by expression of IPT through
the STM promoter (STM>>IPT). Genotypes are indicated.
(B), (C), (E), and (F) are SEM images. Scale bars equal 1 mm in (A),
(E), (F), and (G); 2 mm in (B) and (C); 5 mm in (H); and 1 cm in (D),
(I), and (J).of both GA and cytokinin synthesis may serve to
(K) Application of auxin or gibberellin partially suppresses the effect
of cytokinin on stm11 mutants. Hormone concentrations were 7 M
zeatin (Z), 1 M indole-3-acetic acid (IAA), 10 M gibberellic acid
GA3 (GA). Percentage of recovered stm11 seedlings is shown.most (87%) stm1 STM:LhG4 OP:IPT (stm1 STM>>IPT)
seedlings recovered (Figures 3E–3J). Strikingly, their re-
covery was from the site of the aborted meristem (Fig-
ure 3G), rather than from the fused cotyledon petioles,
as seen in naturally recovered stm2 alleles, or in stm1
and stm11 recovery following exogenous cytokinin ap-
plication (Figure 3C). Moreover, percentages of recov-
ery were much higher and recovered plants produced
normal-looking leaves. Some of the recovered plants
bolted and produced abnormal flowers (Figures 3H and
3I). That the “rescued” plants indeed bear the stm1 mu-
tation was confirmed by sequencing. Thus, expression
of a cytokinin biosynthesis gene in the STM expression
domain substantially suppresses the stm1 phenotype,
indicating that specific spatial cytokinin production can
partially substitute for STM function. stm STM>>IPT
plants still showed some weak stm phenotypes, such
as fused cotyledons and abnormal inflorescence and
flowers, which is consistent with the existence of addi-
tional STM targets [37–39].
Our combined results indicate that STM acts up-
stream of cytokinin, at the level of cytokinin biosynthe-
sis, to maintain an active meristem. This is in agree-
ment with results presented in an accompanying report
in this issue of Current Biology by Jasinski et al. [40]
showing an enhancement of a weak stm phenotype by
a mutation in the cytokinin receptor gene wooden leg
(wol) [41, 42]. It is still possible, however, that cytokinin
also affects STM expression, creating a positive-feed-
back loop [12, 14].
KNOXI genes have been shown to interact with addi-
tional plant growth regulators [12, 43, 44] and to directly
repress the expression of the GA biosynthesis gene
GA 20 oxidase [37, 38]. Thus, KNOXI factors negatively
regulate GA biosynthesis and, as presented here, posi-
tively regulate cytokinin biosynthesis. The accompany-
ing report by Jasinski et al. [40] shows that a combina-
tion of increased GA signaling and reduced cytokinin
levels results in a partial phenocopy of stm mutants,
strengthening this conclusion. This is particularly in-
triguing in light of a recent report showing the repres-
sion of cytokinin responses, including seedling devel-
opment and inhibition of leaf senescence, by GA [45].
The partial repression of the effect of cytokinin on stm
mutants by coapplication of GA or auxin is in agree-
ment with these reports and with recent evidence dem-
onstrating negative regulation of cytokinin biosynthesis
by auxin [26]. KNOXI factors thus seem to affect cytoki-
nin response by two routes: activation of cytokinin bio-
synthesis and inhibition of GA biosynthesis (Figure 4).
The indeterminacy of SAM function requires the
maintenance of a stable structural organization at the
meristem, while continuously producing organs from its
margins. Both cytokinins and KNOXI genes play central
roles in meristem maintenance, while GA and auxin are
required for leaf initiation [38, 46, 47]. KNOXI regulation
Current Biology
1570Figure 4. A Model of the Interaction between KNOXI Genes and the
Growth Regulators Cytokinin and GA in Balancing Meristem
Function
In the central zone of the SAM, KNOXI proteins induce the expres-
sion of AtIPTs among other targets, causing the accumulation of
cytokinin. In parallel, KNOXI proteins repress GA biosynthesis. Dur-
ing leaf initiation, KNOXI genes are downregulated, causing a re-
duction in cytokinin levels and elevations in GA levels.
R
R
A
P
Rsharpen the boundary between initiating leaves and the
meristem. According to this model, KNOXI factors keep
cytokinin levels high and GA levels low in the meristem.
KNOXI genes are downregulated at the site of leaf initi-
ation, possibly through auxin’s action, allowing the ac-
cumulation of GA. Cytokinin levels are reduced by the
absence of KNOXI and the presence of auxin, and cyto-
kinin responses are negatively regulated by elevated
GA (Figure 4). Additional factors are probably required
for the maintenance of some cytokinin response in ini-
tiating leaves. KNOXI genes emerge as central balanc-
ers of hormone levels in the meristem.
Conclusions
KNOXI transcription factors, which are essential for
meristem function, act in part through the induction of
local biosynthesis of the plant growth regulator cytoki-
nin. KNOXI proteins emerge as central regulators of
hormone levels in the meristem.
Supplemental Data
Supplemental Data include four figures, Supplemental Results, and
Supplemental Experimental Procedures and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
15/17/1566/DC1/.
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